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FRICTION  AND WEAR OF METALS IN CONTACT  WITH PYROLYTIC  GRAPHITE 

by  Donald H. Buckley  and  William A. Brainard 

Lewis Research  Center 

SUMMARY 

Sliding  friction  experiments were conducted with gold,  iron,  and  tantalum single 
crystals  sliding on prismatic  and  basal  orientations of pyrolytic  graphite  in  various  en- 
vironments,  including  vacuum,  oxygen, water vapor,  nitrogen,  and  hydrogen  bromide. 
Surfaces  were  examined  in  the  clean  state  and with various  adsorbates  present on the 
graphite  surfaces.  LEED, Auger spectroscopy,  SEM,  and EDXA were used to  charac- 
terize  the  graphite  surfaces.  Results  indicate  that the prismatic  and  basal  orientations 
do  not  contain  nor do  they chemisorb oxygen, water  vapor,  acetylene,  or  hydrogen bro- 
mide. Al l  three  metals  exhibited  higher  friction on the prismatic  than on the  basal  or- 
ientation  and  these  metals  transferred  to  the  atomically  clean  prismatic  orientation of 
pyrolytic  graphite. No metal  transfer to the  graphite  was  observed  in  the  presence of 
adsorbates at 760 tor r .  Ion  bombardment of the  graphite  surface with nitrogen  ions re- 
sulted  in  the  adherence of nitrogen  to  the  surface. 

INTRODUCTION 

Graphite  and  carbon-graphite  bodies are widely used  in  the  field of lubrication. 
Graphite is used as a solid  lubricant (refs. 1 to 3). Carbon-graphite  bodies are used as 
components  in  such  devices as mechanical seals (ref. 4) and  electrical  brushes (refs. 5 
and 6). Thus,  the  fundamental  adhesion,  friction,  and  wear  behavior of these  materials 
is of interest .  

Pyrolytic  graphite  prepared by the high temperature  decomposition of hydrocarbons 
affords a source of high purity  carbon  in  graphitic  form.  Orientation  effects  can  readily 
be  studied  with  this  material.  Further,  it  has many properties which make it an  ideal 
material  for  use  in  lubrication  systems. 

Generally the solid state contact of carbon-graphite  bodies is not against itself in 
lubricating  devices  but  rather  against  metals.  The  interactions of metals with graphitic 



carbon of differing  orientations  and the  effect of surface  films on those  interactions 
therefore are important. 

The  objectives of this  investigation  were  to  determine  the  effect of (1) orientation, 
(2) reactivity of the  metal,  and (3) the  effect of surface  f i lms on the friction  and  wear of 
metals  in  contact with  pyrolytic  graphite.  Low  energy  electron  diffraction  (LEED), 
Auger  emission  spectroscopy  analysis,  scanning  electron  microscopy (SEM), and  energy 
dispersive  X-ray  analysis (EDXA) were  used to characterize and  monitor  surface 
changes.  The  metals gold, iron,  and  tantalum  were  selected  for  study  because of their 
different  reactivity toward carbon. Gold does not react chemically  while  tantalum  does 
so very  strongly.  Iron lies between  gold  and  tantalum  in its reactivity  toward  carbon. 

MATERIALS 

The  pyrolytic  graphite  was  prepared  from  the  thermal  decomposition of hydro- 
carbons. It was machined  into  cylinders 8 .0  millimeters  in  diameter by 5.0 millimeters 
in  length with the  basal  orientation  parallel  to  the  cylinder axis (prismatic  orientation)  or 
perpendicular  to  the axis (basal  orientation) as  des i red .  A fresh surface was prepared 
by polishing  with 600 grit   abrasive  paper.  A basal  surface  was  also  prepared by cleav- 
age with a razor  blade. 

The  metal  pin  specimens  contacting  the  pyrolytic  graphite  were  gold,  iron,  and 
tantalum  single  crystals.  The  pins were cylindrical with a 2 millimeter  diameter  and a 
2 .0  millimeter  radius on  one  end  (the  contacting surface).  The gold  and iron were 
99.99 percent  pure,  and  the  tantalum  was 99.98 percent  pure. With  gold  the (111) plane 
was parallel to  the  contacting  interface  to  within *2O.  For  both  iron  and  tantalum  the 
(110) plane  was  parallel (*27 to  the  contacting  interface.  The  metal  crystal  contacting 
radius  was  electropolished  prior  to  use. 

APPARATUS 

The  apparatus  used  in t h i s  investigation  was a vacuum  system with the  capability of 
measuring  adhesion, load, and  friction  and also performing  Auger  and  LEED  surface 
analysis.  A  diagram of the  apparatus for the  measurement of adhesion,  loading,  and 
friction is shown schematically  in  figure 1. 

A gimbal  mounted  beam  projects  into  the  vacuum  system.  The  beam  contains two 
flats machined  normal  to  each  other with strain  gages mounted thereon.  The  gold,  iron, 
and  tantalum  single  crystal  pin  specimens are mounted on the  end of the  beam. A load 
is applied by moving the beam  toward  the  disk.  Load is measured by the  strain  gage. 
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Adhesive forces are measured by moving  the  beam  in the direction  opposite  to which the 
load  was  applied (see fig. 1). 

Tangential  motion of the pin along  the  disk  surface is accomplished  through  the  gim- 
bal  assembly.  Friction  force is measured by the  strain  gage  normal  to  that  used  to 
measure  load.  In  the  present  study  full-scale  deflection on a conventional s t r ip   char t  
recorder  resulted  from a 10-gram  load. 

Multiple wear tracks could  be  generated on the  disk  surface by translating  the  beam 
containing  the  pin.  Pin  sliding  was  in  the  vertical  direction  in  figure 1. 

In  addition  to  the  friction  apparatus  the  experimental  chamber also had a LEED dif- 
fraction  system  and  an Auger spectrometer.  The  electron  beam of both could  be  focused 
on  any  disk site. 

readily  achieving  pressures of loe1' to r r  as measured by a nude ionization  gage..  Sub- 
limation  pumping was also  used. 

The  vacuum  system  was a conventional  vacsorb  and  ion  pumped  system  capable of 

EXPERIMENTAL  PROCEDURE 

The  pyrolytic  graphite  carbon  disk  and  the  metal pin were  rinsed with 200 proof 
ethyl  alcohol  just  prior  to  insertion  into  the  vacuum  system.  The  system was evacuated 
with sorption  and  ion  pumps  and  baked  out  overnight at 250' C. 

After  the  specimens were cooled  to  room  temperature,  the  surfaces  were  examined 
with both LEED  and  Auger  analysis. When the  surfaces were fully  characterized by 
these  techniques,  friction  experiments  were  initiated. 

The  pin was  brought  into  contact  with  the  disk,  and  loads of from 1 to  10  grams  were 
applied  to  the  pin  in  1-gram  increments.  The  load  applied  was  continuously  monitored 
on a strip  chart  recorder.  Sliding  was  then  initiated by  driving  the  pin across  the  disk 
surace  in  the  vertical  direction of figure 1. Friction  force was also continuously  moni- 
tored  during  sliding.  After  sliding 5 millimeters,  the  drive  was  stopped,  load  removed, 
and  adhesion  force  measured. 

The  disk  surface of pyrolytic  graphite was again  reexamined with LEED and  Auger 
analysis  after  sliding was complete.  The  specimens  were  subsequently  removed  from 
the  vacuum  chamber  and  examined  in the SEM with EDXA to  determine if metal  trans- 
ferred to the  pyrolytic  graphite. 

Gases were bled  into  the  system  through a leak  valve. Pressure was  monitored 
with  the nude ionization  gage  and a thermocouple  gage. 

bombarded  using  nitrogen  ion  bombardment. A nitrogen pressure of torr   and  an 
ionization  voltage of 1000 volts  for a period of 30 minutes  were  used. 

In  some  experiments  the  specimens of pyrolytic  graphite  were  nitrogen  ion  sputter 
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RESULTS 

Surface  Characterization . 

It has  been the generally  accepted  belief for some  time that the  surface of graphite 
contains  adsorbed  oxygen which can only be  removed as CO and C02  by heating  to 
1000° C  in  vacuum (see refs. 7 and 8 for  summaries).  Most of these  studies  concluded 
that oxygen was  present on the  graphite  surface  from  indirect  measurements  such as 
mass  spectrometry. 

Auger  spectroscopic  analyses of both  the  basal  and  prismatic  orientations of pyro- 
lytic  graphite  were  conducted.  The results obtained are presented  in  figures 2 and  3. 
With  both spectra  the only Auger  peak  detected was that of carbon.  The  carbon  Auger 
peak  occurs  at 272 electron  volts and the oxygen at 511 electron  volts. If oxygen were 
present on either surface,  a peak would occur  to  the  right of the  carbon  peak  in  figures 2 
and  3. 

It should  be  indicated  that  Auger  spectroscopy  analysis is sensitive  to oxygen s u r -  
face  coverages as low as 0.01 monolayer (ref. 9). Thus, if oxygen is present on either 
the  prismatic  or basal orientation of pyrolytic  graphite,  it, is l e s s  than 0. 1 monolayer. 
These results are consistent  with  the  observations of Hart,  Vastola,  and  Walker 
(ref. 10). 

A LEED  pattern  was  obtained  from  the basal orientation of pyrolytic  graphite.  The 
pattern is presented  in  figure 4. A ring  structure is present.  The  pattern is not  that 
seen  for  single  crystal  graphite (ref. 11). This may be  due  to  rotational  symmetry 
effects (refs. 12  and  13). 

The  LEED  pattern of figure 4 reflects a strained  surface  lattice. An analogous  pat- 
t e rn  was found for the basal orientation of pyrolytic  graphite with conventional  electron 
diffraction  in  reference 14. Annealing at 3600' C  in  reference  14  removed the s t ra in  
and  gave  a  sharp  spot  diffraction  pattern.  The  system of the present  study was not cap- 
able of achieving  such  temperatures.  Presumably  annealing would result  in  a  sharp dif - 
fraction  pattern. 

Attempts were made  to  adsorb  various  surface  active  species on the  pyrolytic  graph- 
ite  surface.  The  halogens  in  general and bromine  in  particular  appear  to  interact with 
graphite (refs. 15 and  16).  The  basal  orientation of pyrolytic  graphite  was  exposed  to 
lom2 torr-second (10 000 Langmuirs) of hydrogen  bromide.  Hydrogen  bromide  failed 
to  adsorb  to  graphite as indicated  by  the  absence of any  peak  other  than  carbon  in 
figure 5. 

In  an  attempt  to  achieve bonding of species  to  the  pyrolytic  graphite,  the  pyrolytic 
graphite was bombarded with ions of the gases  sought  to  be  adsorbed.  Nitrogen,  for 
example, did not adsorb  to the graphite  and  remain on the  surface  at  10-l'  torr. If, 
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however,  the  specimen  was  bombarded  with  nitrogen  ions  generated  at a pressure of 
torr and the system  reevacuated  to  10-l'  torr,  nitrogen  remained on the  surface as 

indicated  in  the  data of figure 6. In  figure 6 both carbon  ana  nitrogen  peaks are present. 
Graphite  depends  on  the  presence of adsorbates  for its lubricating  characteristics 

(ref. 17).  Savage (ref. 17) found that  graphite will not lubricate  in a hard  vacuum  be- 
cause of desorption of such  adsorbed  species as water and  hydrocarbons.  Ion  bombard- 
ment may be a technique for  attaching  or  embedding  species  in  the  graphite  surface. 

Gold 

Gold was  selected as a pin material  because it is nonreactive with carbon  and  can  be 
relatively  easily  cleaned.  The  gold pin was  heated  to 700' C for 1 hour  and  then  cooled 
to  room  temperature.  It  was  slid on the  two  orientations of pyrolytic  graphite  in  sepa- 
rate experiments.  Experiments  were  conducted  both at 23' C at various  loads  and at 
temperatures  to 700' C. Friction  results  obtained  are  presented  in  figure 7. 

In  figure 7(a) friction is unaffected by load  but is higher  for  the  prismatic  orienta- 
tion  at  all  loads.  The  friction  coefficient on the  basal  orientation  exceeds 0 . 4  and for  the 
prismatic  orientation  it is 0.6.  SEM photographs of the  two surfaces  after  sliding are 
presented  in  figure  8. 

Figure  8(a)  indicates t h e  basal  orientation of pyrolytic  graphite after sliding.  There 
was an  absence of any gold. On the  prismatic  orientation,  however,  small  spheres of 
transferred gold were observed (see fig.  8(b)). Note  the  exposed  edges of the  graphite 
prismatic  orientation  in  figure  8(b). 

The  prismatic  orientation of graphite is from 500 to  10 3 times  more  chemically  ac- 
tive  than is the  basal  orientation (ref. 18).  It  has  been  indicated  that  the  surface  energy 
of the  basal  orientation of graphite is only a few hundred ergs  per  square  centimeter,  
while  for  the  prismatic  orientation, it is 5000 ergs  per  square  centimeter (ref. 19). 
When the  basal  orientation of graphite is decorated  with gold to  study  vacancy  loops, the 
gold is found to  migrate on the  surface  to  steps (ref. 14).  The  steps are higher  energy 
sites (exposure of prismatic  planes)  and  therefore  the  migration  indicates  stronger bind- 
ing  interaction of the gold  with the  prismatic  planes than  with basal  planes. 

The  difference  in  friction  coefficients with the two orientations of pyrolytic  graphite 
in  figure 7(a) and  the  transfer of gold  to  the  prismatic  orientation  must  be  related  to 
binding  energies  because, as will be shown later,  metal  transfer  to  this  orientation will 
not  occur  in the presence of physically  adsorbed  films. 

The  friction  behavior of gold  in  contact  with  the two orientations of pyrolytic  graph- 
ite at various  temperatures is presented  in figure 7(b).  The  friction  coefficient for the 
basal  orientation  continuously  decreases with increases  in  temperature,  while  the  fric- 
tion for  the  prismatic  orientation  increases with increases  in  temperature.  The  friction 
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coefficient  for the basal  orientation at 700' C is less than half the value at 23' C, while 
for the  prismatic  orientation  the  friction  has  increased twofold over  the  same  tempera- 
ture  range. 

Iron 

Sliding  friction  experiments  were  conducted  with  the (110) orientation of a single 
crystal  iron pin  sliding across  the basal and  prismatic  orientations of pyrolytic  graphite 
at room  temperature  and 700' C. The results obtained are presented  in  figure 9 .  

In  figure 9 a t  both temperatures the prismatic  orientations  gave  higher  friction  co- 
efficients  than  the  basal  orientations. For both orientations  the  friction  coefficient was 
lower at 700' C than it was at 23' C. With the  prismatic  orientation  at both tempera- 
tures an  increase  in  friction  coefficient  occurred at loads in  excess of 6 grams.  

The  friction  behavior of the  iron  sliding on the prismatic  orientation was character-  
ized by a  marked  stick-slip  pattern.  This is shown in  the  data of figure  10. At  both 23' 
and 700' C a regular  stick-slip  pattern,  continuous  in  nature,  occurs with sliding  indi- 
cating a repetitious  breaking of adhesive  junctions a t  the  interface.  Thus, bonding of the 
iron  to the prismatic  planes of the  pyrolytic  graphite  must be occurring. With an  in- 
crease  in the temperature  from 23' to 700' C there is simply a reduction  in bond 
strength. 

While the  prismatic  edges of the  graphite  crystallites  appear as knife  edges  and are 
harder than  the  diamond form of carbon (see fig. 8(b)) a shearing  or  cutting  action by 
the  edges is doubted. The  reasons for this are twofold: (1) the  traces  in  figure 10 a r e  
regular  and  "stick-slip"  in  nature, as discussed  later,  and (2) in  the  presence of 
adsorbates,  metallic debris is not  found on the graphite  surface. 

Wear  tracks  generated on the  basal  orientation of pyrolytic  graphite with sliding a t  
23' and 700' C are  presented  in  figure 11. Examination af the two micrographs  indicates 
that the  basal  planes  are  torn  into  ribbons  during the sliding  process.  This  tearing  ac- 
tion  can be initiated by adhesion of the  iron  to  the  basal  plane with  subsequent fracture 
in  the  basal  plane with tangential  sliding  on  the  contact of the  iron  pin with cleavage  steps 
on the  surface. If the latter accounts  for  the  tearing,  then  temperature  should  have little 
effect; ye t  a comparison of figures l l (a)  and (b) indicates  that  it  does. 

There  was no evidence found either with Auger  analysis on  EDXA for  the  transfer of 
iron  to  the  basal  orientation of pyrolytic  graphite.  In  this  respect gold  and iron  behaved 
in  a  similar  manner.  Neither  transferred  to  the  basal  orientation  despite  differences  in 
chemical  activity.  Iron  can  covalently bond to  the  carbon (ref. 20). 

With the  prismatic  orientation  iron was found to  transfer  to the pyrolytic  graphite. 
One  such  piece of transferred  iron is seen  in the SEM of figure 12(a)  and its identity 
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established as  iron  in  the EDXA map of figure  12(b).  The  sizes of the  transferred parti- 
cles  were  generally larger than  seen with  gold. 

If a current  was allowed  to flow through  the  iron-carbon  interface  for  the  basal ori- 
entation of pyrolytic  graphite  while  sliding,  globules of iron were found on the graphite 
surface.  The  globules were largely  spherical  in  nature as indicated by the SEM micro- 
graph of figure 13(a)  and the EDXA map of figure  13(b).  Thus, it appears  that  iron  does 
not wet t he  basal  orientation of pyrolytic  graphite.  This may explain why iron  has  been 
observed  to "sweat" out of graphite  composite  bodies (ref. 21). 

Tantalum 

Coefficient of friction was measured  for a (110) oriented  single  crystal  pin of tan- 
talum  sliding  on  the  basal  and  prismatic  orientations of pyrolytic  graphite.  The results 
obtained are presented  in figure 14 for measurements at 23' and 700' C. A s  with  gold 
and  iron the prismatic  orientation of pyrolytic  graphite  gave  the  highest  friction  coeffi- 
cient at  both temperatures. At 23' C the  friction  coefficient  was  1.0  for  loads  in  excess 
of 5  grams. 

The  friction  coefficient  for  the  basal  orientation  remained unchanged  with an  in- 
crease  in  temperature  from 23' to 700' C.  With iron there was a  decrease  in  friction 
in  increasing  the  temperature  from 23' to 700' C. Tantalum is chemically  more  reac- 
tive with carbon  than is iron (ref. 22). This may account  for the difference  in  behavior 
because  higher  temperatures are needed to  break the bonds. 

If the  tantalum  bonds  more  strongly  to  the  pyrolytic  graphite  than  either  iron  or 
gold,  then  the  friction  results  presented  can  be  explained on the basis of this  behavior. 
The  greater  the  chemical  interaction of the  metal with carbon  atoms  in the basal sheets, 
the  greater is the stress and  the  lower is the  force  required  to  fracture  the  planes. 
With the  prismatic  orientation  the  interaction is stronger;  therefore,  the  adhesive  bond- 
ing is stronger. 

If is of interest   to note  that  the  wear  particle  size  requiring  shearing  increased 
with an  increase  in  the  chemical  activity of the metal  to  carbon  for the prismatic  orien- 
tation of the  pyrolytic  graphite.  Figure  15  indicates  tantalum  transferred  to  the  pris- 
matic  orientation. A particle is shown  in  figure  15(a)  and  the EDXA map  thereof is 
figure  15(b). 

An examination of the EDXA map of figure 15(b)  indicates  that  the  map  only  reveals 
the tantalum  for  the  upper  portion of the  particle  seen  in  figure  15(a). It is believed  that 
the  lower  portion of the  particle may have  reacted with the  graphite to form  tantalum 
carbide. 
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Adsorbed  Films 

Savage (ref.  17) and  Campbell and  Kozak (ref. 6) have  shown  the  importance of ad- 
sorbed  films on the  wear  behavior of graphite and carbons. In  the  present  study  the 
effects of a hydrocarbon,  water, and oxygen on friction  coefficient  were  determined  for 
iron in contact with pyrolytic  graphite.  The  prismatic  orientation of atomically  'clean 
pyrolytic  graphite  was  exposed  to 760 torr  of acetylene,  water  vapor, and oxygen.  The 

..- - 1 Examination of figure 16 indicates  that,  at  loads of 6 grams and less,  acetylene did 
not  affect  the  friction  results  obtained in figure 9 for  adsorbate  free  graphite. Above 
6 grams,  the  hydrocarbon,  acetylene, did exert  an  effect in  the  reduction of friction. 
Both  oxygen  and water  vapor did reduce  friction  coefficients  from  the  values  obtained  in 
figure 9 at  all  temperatures. Oxygen  and water  vapor  yielded  data which could  be  plotted 
on a  single  curve. 

-- . frgction  results  obtained  sliding  in  each of these  environments  are  presented in  figure 16. 

The  atmospheres of oxygen  and water  vapor did allow  the  graphite  crystallites  to 
reorient  themselves on the  surface  from  the  prismatic  to  the  basal  orientation with slid- 
ing a s  indicated  in  figure 17. This  effect  was  observed with both  oxygen  and water  vapor 
but  was not seen in  the  absence of these  vapors  (see  fig.  8(b)).  LEED  examination of 
the  contact  area  after  sliding  indicated  that  a  ring  structure  similar  to  that  seen in fig- 
ure 4 was  observed.  The  prismatic  orientation did not  yield  any  LEED  pattern. 

At the  lower  loads of figure 16 many of the  data  points a r e   a t  about  the  same  friction 
values  seen  in  figure 9 for  the  clean  basal  orientation of graphite  indicating  that  at  these 
loads  the  adsorbates  have  little  effect upon friction. A t  the  higher  loads,  there is, how- 
ever,  a  very  definite  influence  due  to  the  adsorbate  itself  aside  from  changes in orien- 
tation. 

The  work of Savage  (ref. 17) indicated  that  the  wear  rate of graphite  was  sensitive 
to  changes in water  vapor  pressure.  Sliding  was  therefore  conducted  at  a  pressure of 
1 torr  and the  results  are  compared with those  obtained a t  760 torr  in figure 18. The 
data of figure 18 indicate  that  water  vapor  pressure  has  a  definite  effect upon the f r ic -  
tion  behavior of the  prismatic  orientation of pyrolytic  graphite. 

Auger  analysis  was  made of the  pyrolytic  graphite  surfaces  after  exposure  to  acety- 
lene, oxygen,  and  water  vapor.  The  experimental  chamber  was  evacuated, and Auger 
spectra  were  obtained. No evidence  for  any of the  adsorbates was found.  These results 
together  with  those of reference 10 indicate  that  the  long  held  concept of oxygen being 
heavily  adsorbed  at  graphite  crystallite  edges is not correct.  If oxygen is present,  it 
is there in  less  than 0 .01  monolayer. 
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DISCUSSION 

The direct analysis of the  prismatic  planes of pyrolytic  graphite  in  this  study  indi- 
cates that  the  maximum  surface  coverage on these  planes  with  adsorbates  must be less 
than 0.01  monolayer,  the  limit for Auger  spectroscopy  analysis.  Thus, many of the 
early  studies  using  change of weight  measurements  and  mass  spectrometry  analysis of 
gases  to  detect  adsorbed  films on graphite may  have  been  misleading (refs. 7 and 8). 

In  the  present  study  even  hydrogen  bromide would not adsorb on pyrolytic  graphite 
l 

and  remain. Only when the graphite  surface was ion  bombarded  with  an  adsorbing  spe- 
c ies  (nitrogen)  did it remain on or embedded  in  the  surface.  This  process went  beyond - -  -.,. .- 

simple  adsorption,  and  chemical  interaction  to  form a carbon-nitrogen  covalent  chemi- 
cal bond was  certain  to  have  occurred. 

I 

-. _. 

The ion  bombardment  to  achieve  attachment of foreign  atoms  to  the basal surface of 
graphite  has  some  interesting  implications  to  lubrication. It appears that those  elements 
which can  chemically  interact with graphite  can be  attached  to its surface by ion  bom- 
bardment and  thereby  reduce  friction  and wear of graphite at  reduced  pressures  and  in 
the  absence of adjuvants. 

Apparently at  atmospheric  pressure water vapor,  oxygen,  and  to a lesser extent, 
acetylene do affect  friction  behavior. A part  of that effect may be due  simply to the 
presence of the gas  facilitating  reorientation of the graphite  crystallites as indicated by 
the  data.  Some of the effect is, however,  due  simply  to the presence of the  physically 
adsorbed  gas  because, as the data indicated,  friction  was less than  observed for the 
clean basal orientation of pyrolytic  graphite  when  the gases were  present at atmo- 
spheric  pressure. 

Metal  transferred  to  the  clean  prismatic  orientation of pyrolytic  graphite  with  gold, 
iron,  and  tantalum.  The  experimental  results  indicate  that  strong bonding of the metal 
to  the  carbon  atoms  must  occur.  The  stick-slip  nature of the  friction  trace of figure 10 
indicates  this  strong  adhesion.  The  metal  transfer is not  due to  a simple  mechanical 
action of the crystallite  edges on the  metal. If this  were  the  case,  then  metal  transfer 
should also  have  been  seen  in  the  presence of the adsorbates  but it was  not. 

The  presence of the adsorbates must  cover not  only prismatic  sites  but  also the 
basal planes  allowing  them to move freely with sliding  activity  and  thus  reorient on the 
surface. This  freedom of mobility  must  be  considered  in the potential  activity by the 
prismatic  planes.  The  freedom would certainly  tend  to  reduce  the  activity. 

Both iron  and  tantalum  interact with carbon to form  strong  chemical  bonds.  Thus, 
strong  adhesion of these  metals  to the most  chemically  active  planes of graphite is not 
surprising. Gold,  however, is not known to  strongly  interact with carbon;  and  its sister 
noble  metals,  copper  and  silver, do not  even wet graphite (ref. 21). Notwithstanding 
these facts, however,  relatively  high  friction forces were  measured for clean gold in 
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contact  with  clean  pyrolytic  graphite. A strong bonding interaction  must  therefore 
occur. 

SUMMARY OF RESULTS 

The  following  results  were  obtained  from  an  investigation  with  gold,  iron,  and 
tantalum  in  sliding  contact  with  the basal and  prismatic  orientations of pyrolytic  graphite 
and  from a surface  analysis of the  pyrolytic  graphite: 

1. Neither  the  edges  (prismatic  orientation)  nor  the basal orientation of pyrolytic 
graphite  chemisorbed gases such as hydrogen  bromide,  oxygen,  water  vapor,  and  acety- 
lene  in  surface  coverages  in  excess of 0.01  monolayer. 

2 .  With all three  metals,  gold,  iron, and  tantalum,  lower  friction  coefficients  were 
measured  for the basal than  for  the  prismatic  orientation of pyrolytic  graphite. 

3.  Metal  transfer  to  the  clean  prismatic  orientation of pyrolytic  graphite  was  ob- 
served with all three  metals. 

4. The  adsorbates oxygen, water vapor,  and  acetylene  completely  inhibited  metal 
transfer  to the  prismatic  orientation of pyrolytic  graphite  even though only physically 
adsorbed. 

5 .  No metal  transfer was observed  to  the basal orientation of pyrolytic  graphite  in 
normal  sliding. 

6. The  presence of physically  adsorbed  gases on the  prismatic  orientation of pyro- 
lytic  graphite  facilitated  reorientation  in  the  contact  zone  during  sliding  to  the  basal  ori- 
entation. 

7. Marked  stick-slip  behavior  was  observed  for  metals  in  contact  with  the  clean 
prismatic  orientation of pyrolytic  graphite  indicating  strong  adhesion  between the carbon 
and  metal. 

8 .  Ion  bombardment of the  graphite  surface with  nitrogen resulted in  strong bonding 
o r  embedding of the  nitrogen  to  or  in  the  carbon  surface. 

Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  March 25, 1975, 
506-16. 
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Figure 1. - High-vacuum  friction  and wear apparatus. 

Electron energy, eV- 
Figure 2. - Auger  spectrum for the basal  orientation of pyrolytic 

graphite. 

CD-11718-15 
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Electron  energy, eV - 
Figure 3. - Auger  spectrum  for  the  prismatic  orientation of 

pyrolytic  graphite. 

Figure 4. - Low energy electron  diffraction  pattern (LEED) of basal 
orientation of pyrolytic  graphite. 

Carbon 

Electron  energy, eV- 

Figure 5. - Auger  spectrum  for  the  basal  orientation of pyrolytic  graphite 
exposed to 1 atmosphere of hydrogen  bromide  (HBr). 
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Electron  energy, eV - 
Figure 6. - Auger  spectrum  for  pyrolytic  graphite  ion bombarded for 

1 hour  with  nitrogen at 10 microns  wi th  an applied voltage of 
loo0 molts. 
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Figure 7. - Coefficient  of  friction as a funct ion of load and  tem- 
perature  for gold (1111 sliding  on  pyrolytic  graphite  Sliding 
velocity, 0.7 millimeter  per  minute;  pressure,  10-lOtorr. 
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(a)  Basai  orientation. 

(b)  Prismatic  orientation. 

Figure 8. - Scanning  electron  micrographs of basal and prismatic 
orientations of graphite  after  sliding of a  gold  pin  across  the 
surface of both  orientations.  Sliding  velocity, 0.7 millimeter 
per minute; load, 10 grams; pressure, torr; temperature, 
23" c. 
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(b) Temperature. 700' c. 

Figure 9. - Coefficient of fr ict ion as a function of load for  iron (110) 
single  crystal  sliding o n  the basal and  prismatic  orientation of pyrc- 
lytic  raphite.  Sliding velocity, 0.7 millimeter  per  minute;  pressure, 
10' 18 torr. 

I 
(a)  Temperature, 29 C .  
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(a) Temperature, 23OC. 
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(a) Scanning electron  micrograph. 

( b )  Energy dispersive X-ray analysis. 
Figure 12. - Scanning  electron micrograph and energy dispersive X-ray analysis  of an 

iron  particle  transferred  to  the  prismatic  orientation  of  pyrolytic  graphite  during 
sliding.  Sliding  velocity, 0.7 millimeter  per minute; load, 10 grams; pressure, 
torr; temperature, 23" C; 6000 counts  EDAX. 
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(a)  Scanning  electron  micrograph. 

(b) Energy dispersive X-ray analysis (FeKa1.2) 

Figure 13. - Scanning  electron micrograph  and  energy dispersive X-ray analysis of iron 
transferred to the  basal  orientation of pyrolytic graphite. 
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Figure 14. - Coefficient of f r ic t ion at various loads for  tantalum (110) 
in sliding  contact  with basal  and  prismatic  orientations of pyrolytic 
graybite: Sliding velocity, 0.7 millimeter  per  minute;-pressure. 
10- torr. 
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(a)  Scanning  electron  micrograph. 

(b) Energy dispersive  X-ray  analysis. 

Figure 15. - Scanning  electron  micrograph and energy dispersive X-ray analysis o f  
tantalum particle  transferred from a  tantalum pin to the  prismatic  orientation of 
pyrolytic graphite.  Sliding  velocity, 0.7 millimeter  per minute; load, 10 grams; 
pressure, 10-10 torr; temperature, 23" C. 
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Figure 16. - Coefficient of f r ic t ion  for   i ron (110) single  crystal  sliding 
on  the  prismatic  orientat ion of pyrolytic  graphite.  Sliding velocity, 
0.7 millimeter  per  minute; load, 1 gram; pressure,  760torr. tem- 
perature. 23' C. 

Figure 17. - Scanning electron  mitrograph of prismatic  orientation of pyrolytic graphite 
after  exposure to 1 atmosphere of oxygen and sliding of an iron  pin  across the  surface. 
Sliding  velocity, 0.7 millimeter per  minute;  load, 10 grams; temperature, 23O C. (Note 
reorientation in sliding  track of graphite.) 
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Figure 18. - Coefficient  of  friction  for  iron (110) single  crystal  sliding 
on the  prismatic  orientation of pyrolytic  graphite in water vapor at 
two atmospheric  pressures.  Sliding  velocity. 0.7 millimeter  per 
minute; load, 1 gram;  temperature, 23OC. 
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